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Abstract
Background: Okra (Abelmoschus esculentus L. Moench), is
an economically important vegetable crop with a potential to
increase farm incomes of small producers. This is because okra is
popular, easy to grow, and valuable with average retail prices of
up to $7.07/kg. In Texas, research has shown that diversification
of farm operations boosts income and farm sustainability. Hence,
exposing farmers to economically important crops that are not
typically grown is necessary. Production success is linked to crop
variety choices. As result, the objective of this study was to evaluate
the performance of multiple varieties of okra (Red Burgundy,
Jambalaya, Zarah and Hybrid Green Sparkler) to determine the
variety with the highest yield and profitability. We hypothesized
that yield and revenue will differ among the okra varieties.
Methods: In this study, each okra variety was grown in replicates
on three plots. The plants were established at a density of 16,600
plants ha-1 using plasticulture and drip irrigation. N and K were
Published by Digital Commons @PVAMU, 2019
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supplied at 33.60 kgha-1 and 11.2 kgha-1 respectively according
to soil test recommendations. The okra was picked every other
day to prevent development of undesirable pods. Results and
Conclusion: When comparing the number of pods per plant,
Red Burgundy had a greater yield as compared to Jambalaya
(p < 0.05), but the yield was similar to the Zarah and Hybrid
Green Sparkler varieties. Similarly, Zarah had a greater yield as
compared to Jambalaya but similar to Hybrid Green Sparkler.
In terms of pod weight per plant, Red Burgundy’s weight was
statistically greater than Jambalaya but similar to the other
varieties. Estimated revenue per hectare for Red Burgundy, Zarah,
Jambalaya, Hybrid Green Sparkler were $9,565.00, $7,018.20,
$6,290.60 and $6,020.00, respectively. These represent 58.9%,
16.6% and 4.5% revenue increase over the green hybrid sparkler
variety. Frozen okra revenue estimates followed the same trend.
These findings suggests that Red Burgundy provides the highest
revenue potential in terms of production and economics and
would be the best variety for farmers in East Texas to grow.

Introduction
Okra (Abelmoschus esculentus L. Moench), is a nutritious
and economically important vegetable that is typically produced in
tropical and subtropical climates (Kochhar, 1986, Raemaekers,
2001; Iqbal et al., 2008; Philip et al., 2010). Other names of
okra, which is an annual plant, include “lady’s finger” or “gumbo”
(Tiwari et al., 1998; Sabitha et al., 2011). It belongs to the mallow
family, which also includes the hibiscus and cotton plants.
Okra contains several minerals and vitamins in addition
to carbohydrates, fiber, sugar and fat. These include calcium,
magnesium, phosphorus, potassium, iron, sodium, zinc, vitamins
A, B (B1, B2, B3, B6, B9), C and K (USDA Nutrient Database, 2016).
In retail markets, okra is expensive, yet popular, particularly in the
southern United States, Africa, Asia and the Caribbean (Calisir
et al., 2005; Adelakun et al., 2009; Sengkhamparn et al., 2009).
https://digitalcommons.pvamu.edu/pursue/vol2/iss1/8
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Thus, okra has a high value with average retail market prices
ranging between $3.45/kg in the frozen form to $7.07/kg when
sold fresh (USDA ERS, 2016). It can also be pickled or canned.
It is relatively easy to grow and has high yields (Franklin et al.,
2015). These attributes make okra a good crop for small producers
to consider for cultivation, especially if they are considering
diversifying their operations. This is especially important in
Texas where research has shown that farm diversification is good
for sustaining farms (Barbieri and Mahoney, 2009).
Choosing the right variety of a crop is important for a
famer’s production success. Though there is information on
popular okra varieties, there is scant material on the specialty
varieties. Production and economic information on specialty and
non-specialty varieties will help farmers to select varieties based
on their production and economic goals. Hence, the objective of
this study was to evaluate the performance of multiple varieties
of okra to determine the variety with the highest yield and
profitability. We hypothesized that yield and revenue will differ
among the okra varieties.

Materials and Methods
This study was carried out on raised beds at the
Agricultural Research Farm of Prairie View A&M University in
the first week of June 2017. The four varieties of okra used in
this study were Red Burgundy, Zarah, Hybrid Green Sparkler,
and Jambalaya. Seeds of these okra varieties were purchased
from various commercial seed companies. Red Burgundy was
bought from Seed Savers Exchange (Decorah, IA); Zarah seeds
were attained from Stoke Seeds (St. Catharines, ON); and Hybrid
Sparkler and Jambalaya seeds were purchased from Evergreen
Seeds (Bloomington, IL) and Johnny’s Selected Seeds (Winslow,
ME), respectively. The beds were covered with plastic mulch to
control weeds and conserve water. Watering was done using drip
irrigation, which was laid in the beds.
Published by Digital Commons @PVAMU, 2019
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The okra seeds were planted 0.6 m apart in the row and
about 1.3 cm deep in a completely randomized design with
three replications. The okra varieties were randomly assigned to
plots in rows. Nutrient needs were supplied based on pre-plant
soil test results using calcium (15.5-0-0) and potassium (13-046) nitrate fertilizers. Irrigation was supplied when needed to
supplement natural rainfall. Harvesting commenced for Red
Burgundy, Jambalaya, Zarah, and Hybrid Green Sparkler at 55,
55, 42, and 50 days after planting, respectively. Fruits were picked
every other day (Figure 1). The number and weight (g) of okra
produced per replication was recorded at each harvest. Analysis
of variance (ANOVA) was done using JMP software version 11
(SAS Institute Inc., Cary, NC). Means were compared using the
all pairs Tukey-Kramer HSD method, p values of < 0.05 were
considered significant.

Figure 1. Photo of each variety of harvested okra.
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Results and Discussion

Fresh pods per plant and pod fresh weight
When comparing the number of fresh pods produced per
plant, Red Burgundy produced the most. However, Red Burgundy,
Zarah and Hybrid Green Sparkler all had similar production
rates (3.1-4.2) and were 50% greater than Jambalaya (p=0.003)
(Table 1). Similarly, differences in fresh pod weight per plant was
recorded, and Jambalaya pods were 65% less than Red Burgundy.
Jambalaya was similar in weight to Zarah and Hybrid Green
Sparkler (p<0.0001) (Table 1).
Table 1. Fresh pods per plant and pod weight per plant for four
okra varieties
Okra Variety
Red Burgundy
Zarah
Hybrid Green
Sparkler
Jambalaya
p-value
†

Fresh Pods/
Plant†
4.2a
4.0a
3.1a,b

Fresh Pod Weight/
Plant (g)
90.5a
62.3a,b
56.4a,b

2.0b
0.0033

31.9b
<0.0001

Means within column followed by same letter(s) are not significantly
different.
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Figure 2. Harvested weight per plant and estimated weight per
hectare of okra varieties.
Harvest weight per plant was greatest for Red Burgundy
(0.0905 kg), followed by Zarah and Hybrid Green Sparkler.
Jambalaya had the least harvest weight per plant compared to the
other varieties (Figure 2). Estimated weight per hectare for Red
Burgundy was 3-fold greater than Jambalaya. On the other hand,
estimated weight per hectare for Zarah and Hybrid Green Sparkler
were 2-fold greater than Jambalaya (Fig. 2).

Fig. 3. Estimated potential revenue from fresh and frozen
okra. Revenue was estimated based on four weeks of harvest
and a planting density of 16, 600 plants/ha. Prices used per kg of
fresh and frozen okra were $7.07 and $3.45 respectively.
https://digitalcommons.pvamu.edu/pursue/vol2/iss1/8
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From an economic perspective, revenue in dollars per
hectare for fresh okra was greatest for Red Burgundy, followed by
Zarah and Hybrid Green Sparkler (Figure 3). On the other hand,
Jambalaya had the least revenue potential (Figure 3). Potential
revenue from frozen okra followed a similar trend. Red Burgundy
had the greatest revenue from frozen okra, followed by Zarah and
Hybrid Green Sparkler (Figure 3). Jambalaya had the least revenue
when frozen compared to the other okra varieties (Figure 3).

Conclusions
Red Burgundy was the highest yielding and most profitable
variety in this study. Zarah and Hybrid Green Sparkler, the specialty
varieties, produced yields comparable to Red Burgundy which is
a popular variety. Although potential earnings from growing the
varieties vary by variety, growing okra can increase the revenue of
farmers steadily over a long period of time. This is due to the fact
that okra can be harvested daily or every other day over a period of
2-3 months. Based on our findings, we accept the hypothesis that
yield and revenue were different for the okra varieties evaluated.
Future studies will focus on understanding the nutrient
requirements of okra under East Texas growing conditions and
harvesting over the entire season since this current study examined
yield data collected only over a four week period.
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Abstract
Background: This research project describes the development
of a quantitative measurement methodology to determine the
concentration of manganese oxide (MnOx) in t w o soilscape
positions (Upland- Lowland and Riparian Buffer-Wetland
Boundary-Wetland). Methods: A reaction between the MnOx
in the soil sample and hydrogen peroxide (H2O2) was initiated
to determine the level of MnOx reactivity in the soil sample. Data
was collected from four sites on Soilscape 1 (Upland, Lowland,
and two sites between the Uplands and Lowlands); within each
site, five soil profile depths and three sample replicates were
measured which comprised a total of 60 samples. Additionally,
data was collected from three sites on Soilscape 2 (Riparian
Buffer-Wetland Boundary-Wetland), within each site, three soil
profile depths and three sample replicates were measured which
comprised a total of 27 samples. Measurements were collected
and revalidated to assess the accuracy of the measurement
https://digitalcommons.pvamu.edu/pursue/vol2/iss1/8
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protocol. Results: Analysis of data collected from the surface
layers in Soilscape 1 indicated that the Lowland (Site 4) had the
highest level of MnOx followed by Site 3 with the lowest value
occurring at Site 2. A follow up, revalidation study of three of
the four sites from the surface layers on Soilscape 1 indicated
that the Lowland (Site 4) had the highest level followed by the
Midslope (Site 3) with the lowest value occurring at the Upland
(Site 1). Therefore, the revalidation study results matched two
of the three sites from the initial study. Correspondingly, the
data collected from the three sites from the surface layers on
Soilscape 2 indicated that the Wetland Boundary had the highest
level followed by Riparian Buffer with the lowest value occurring
at Wetland. The revalidation study results matched the initial study
for each of the three sites from the surface layers on Soilscape 2,
which indicated that the Wetland Boundary had the highest level
followed by the Riparian Buffer with the lowest value occurring
at the Wetland. Conclusion: The results of this study can be
used to easily determine the spatial variability o f MnOx levels in
soilscapes that range from Upland-Lowland and Riparian BufferWetland Boundary-Wetland, and the movement of soluble
MnOx ions within soilscapes by mass flow and/or diffusion
processes. In soils with adequate levels of MnOx ions, the use of
this methodology can assist in the delineation of the wetland
boundary, which has both an economic and land-use importance
to society, because of the importance of the ecological functions
of wetland ecosystems.
Keywords: Wetlands, Wetland Boundary, Soilscapes,
Manganese Oxide (MnOx), Hydrogen Peroxide (H2O2)

Introduction
A wetland is an area that has hydrophytic vegetation,
hydric soils, and wetland hydrology, as noted in the National
Food Security Act Manual and the 1987 Corps of Engineers
Published by Digital Commons @PVAMU, 2019
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wetlands delineation manual (Environmental Laboratory, 1987).
Wetlands can be either seasonal or permanently saturated and
they represent one of the world’s most crucial ecosystems that
are threatened by human development activities (Mitsch and
Gosselink, 2015). On a national basis, it is estimated that around
53% of wetlands present at the time of European settlement in the
early 1600s have since been lost from the conterminous United
States (WARPT, 2010). Wetlands provide significant economic,
social, and cultural benefits, since they are important for primary
products, such as timber and fish, and they support recreational
and tourist activities. Also, wetlands help to reduce the impacts
from storm damage and flooding, maintain good water quality
in rivers, recharge groundwater, store carbon, help to stabilize
climatic conditions, and control pests (NSW, 2013). The process
of defining the boundary of a wetland ecosystem is defined as
wetland delineation that aims to provide a legally defensible line
that officially outlines the wetland from the non-wetland area on
an examined landscape (Environmental Laboratory, 1987; Tiner,
2017). Hydric soils and wetland hydrology are included in the
delineation of a wetland with the criteria for their determination
being included in the Field Indicators of Hydric Soils in the
United States (United States Department of Agriculture, Natural
Resources Conservation Service, 2017).
In general, the most common soil features used to identify
hydric soils are based on iron (Fe) which imparts red, yellow,
and brown colors to well and moderately well drained soils (Soil
Science Division Staff, 2017). When soils are waterlogged for an
extended time period, microbial respiration can lead to anaerobic
conditions in which iron and manganese (Mn) oxides are reduced
to the soluble forms that diffuse from the soil matrix to zones of
oxidation. The ions are then oxidized as well as precipitated in
the form of redoximorphic features (United States Department
of Agriculture, Natural Resources Conservation Service, 2017).
The redox (Eh) ladder indicates that Mn oxides are used as an
https://digitalcommons.pvamu.edu/pursue/vol2/iss1/8
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alternate electron acceptor by microbes before using Fe oxides,
therefore Mn becomes reduced and subsequently mobile in the
soil solution before reduced Fe (ferrous) ions (Sylvia et al., 1999;
Coyne, 1999; Gambrell, 1996). However, in the dry down phase
when the waterlogged soil has experienced an extended period of
reduction, upon return of aerobic conditions, the ferrous Fe ions
will oxidize before the manganous Mn ions which migrate along
an extended diffusion gradient away from the source pool (wetland
or waterlogged zone).
Iron-based soil features have been more readily accepted
as part of the methods for delineation of wetlands, but the
presence of Mn should be considered as important based on its
role in biogeochemical cycling within seasonally and permanently
saturated ecosystems that possess hydric soils. Soils that do not
reflect typical redoximorphic features that are associated with
the typical hydric soil morphological characteristics are called
“Problem Soils” (United States Department of Agriculture, Natural
Resources Conservation Service, 2017). Soil conditions such as
red parent material, low organic carbon levels, and high pH levels
are associated with calcareous material or saline conditions; as a
result, these soils are difficult to define as hydric soils while also
creating an issue when attempting to categorize the landscape as
a wetland. Presently, the presence of ferrous iron in the soil is
determined by using the photochemical dye, alpha alpha dipyridyl,
but the majority of the tests are qualitative based on the positive
reaction producing a faint to bright red color with increasing
concentrations of reduced iron in the soil sample (United States
Department of Agriculture, Natural Resources Conservation
Service, 2017). This test can provide a quantitative measure of
ferrous iron in solution when measured against a ferrous iron
standard with selected concentration levels and a corresponding
gradient in color development. A quantitative test of ferrous iron is
beneficial when comparing soils from different geologic materials
or the soils’ potential to supply a concentrated zone of iron oxides
Published by Digital Commons @PVAMU, 2019
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that tends to occur in the wetland boundary.
The presence of Mn oxide in a soil sample can be measured
qualitatively using the reaction with hydrogen peroxide which
produces an exothermic reaction accompanied by fizzing, bubbles,
and potentially a smoke plume as hydrogen gas is evolved from the
reaction. A quantitative measure of Mn oxide is beneficial as a tool
in examining the movement of soluble ions and the precipitation
in concentrated zones on seasonally wet and wetland soilscapes
that exhibit different hydrodynamic conditions. Herein, a novel
method (GOTTP) is described; the authors hypothesize that this
method will accurately and consistently measure manganese
oxide (MnOx) by measuring the reaction between MnOx and
hydrogen peroxide (H2O2). This project sought to identify patterns
of movement and concentration of MnOx in two soil ecosystems.
In theory, Site 4 should have the highest MnOx reactivity
level, because the greatest amount of manganese should be
precipitated in the landscape position that is farthest from the
source point (Site 1) in saturated periods and the flow through
zone (Sites 2 and 3) during seasonally wet periods. The Wetland
Boundary (WB) should have the highest MnOx reactivity level,
because the greatest amount of manganese should be precipitated
in the landscape position that is between the source pool (Wetland,
WL) in saturated periods and the flow through zone (Riparian
Buffer, RB) during seasonally wet periods. The investigators
hypothesized that the level of MnOx reactivity is the greatest at the
Lowland sites as compared with the Upland sites; further, the level
of MnOx reactivity is higher at the WB sites as compared with
the WL sites. The results of this study can be used to increase the
pool of scientific knowledge gathered from this new quantitative
method that may contribute to determination of hydric soils as part
of the wetland delineation process.
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Materials and Methods

Site Selection
On Soilscape One, four sites were selected which
represented Uplands (Sites 1 and 2) and Lowlands (Sites 3 and 4)
landscape positions. Soil samples were collected from five depths
within each soil profile from the sites. Sample 1 was collected from
a depth of 0-2 inches, Sample 2 was collected from a depth of 2-4
inches, Sample 3 was collected from a depth of 4-6 inches, Sample
4 was collected from a depth of 6-8 inches, while Sample 5 was
collected from a depth of 8-10 inches. Soil samples were packaged
in plastic bags and transported to the laboratory for testing. The
second trial was conducted a separate scientist for revalidation,
three sites were selected which represented Upland (Site 1),
MidSlope (Site 3), and Lowland (Site 4) landscape positions. Soil
samples were tested from the same depths as Samples 1-3 of the
first trial.
On Soilscape Two, three sites were selected which represented
the Wetland (Site 1), Wetland Boundary (Site 2) and Riparian
Buffer (Site 3) landscape positions. Soil samples were collected
and packaged from 3 depths: 0-2 inches, 5-7 inches, and 10-12
inches. As before, soil samples were packaged and transported to
the laboratory for testing. The second trial was conducted by a
separate scientist but following the same protocol.
Method
The method used to measure MnOx in the study is novel,
so the authors have taken the liberty to use the initials of their
last names to label the method GOTTP, in reference to Griffin,
Onweni, Thomas, Timms, and Polk.
GOTTP Protocol for Determining Soil MnOx Levels
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1) Assemble a standard metal lab stand with a vertical post for
attachment of a vertical clamp used to hold the digital timer.
2) Weigh approximately 2 grams of soil sample in an aluminum
weighing boat using an electronic balance.
3) Place the weighed soil in a 15 mL graduated conical
centrifuge tube with 0.5mL serial measurement indices. The
soil should occupy approximately 2 mL volume within the
tube.
4) Record initial level of the solution in the Centrifuge Tube
(Time 0:00), then immediately start the timer
5) Using a syringe, add 2 mL of 3% hydrogen peroxide to the
soil sample in the centrifuge tube.
6) Record level of the solution after each 15-second interval
for the complete duration of the monitoring cycle (total of 7
minutes).
7) Repeat method for each additional sample
Experimental Design and Data Analysis
On Soilscape One on the first trial, 3 replicate soil samples
were tested from each of the 4 sites and 5 depths that represented
a grand total of 60 samples. Tests were conducted on samples
and the results from the data that was gathered were used to
compare the sites using descriptive and inferential statistical
analyses. The statistical analyses were used to determine the
level of MnOx reactivity that should theoretically be greatest at
the Lowland sites as compared with the Upland sites. For the
second trial, 3 replicate soil samples were tested from 3 sites and
3 depths that represented a grand total of 27 samples. A smaller
number of samples were measured due to elimination of one of
the intermediate sites.
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Results and Discussion

Results gathered from the Soilscape One, indicated that
Site 4 had a grand average MnOx reactivity level of 3.90cc that
was the highest compared to the other sites (Table 1). These
results corresponded with the hypothesis that Site 4 should have
the highest MnOx reactivity level. Using a geographic site location
analysis, the data indicated that the highest MnOx level, 5.94cc,
occurred at the surface of Site 4 (4.1), which illustrated that the
diffusion of manganese proceeded from the source point (Site 1)
to the Site 4 at which point manganese ions precipitated within
the soil matrix. Site 3 indicated an elevated MnOx level (5.38cc)
at the surface (3.1), which corresponded with this site location
serving as a flow through and discharge zone for soluble Mn
ions during alternating wet-dry conditions. Site 1 had elevated
levels (4.55cc and 4.03cc) in the surface (1.1 and 1.2) due to the
naturally occurring MnOx nodules that migrate to the surface of
the sandy soil during the natural weathering and erosion processes
on this landscape. Site 2 is clearly the flow through zone based
on the lower MnOx levels (3.13-3.43cc) that were recorded in the
surface (Depth 1) and lower surface (Depth 2) sampling zones.
This site provided a clear indication of the dynamic nature of the
MnOx in these soils that receive an average of 44 inches of rainfall
per year which promotes ample opportunity for redox processes to
drive the dissolution (depletion) and precipitation (concentration)
of mineral oxides.
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Table 1 Comparison of average manganese oxide reactivity levels
(cc) on Soilscape One at Sites 1, 2, 3, and 4 are presented by depth
Table 1 Comparison of average manganese oxide reactivity levels (cc) on Soilscape One at Sites
and
averaged by site. The color of the cell indicates the level of
1, 2, 3, and 4 are presented by depth and averaged by site. The color of the cell indicates the level
MnOx.
of MnOx.
Depth

Site 1

Site 2

Site 3

Site 4

Scale:

1

4.55

3.37

5.38

5.94

MnOx Level 0

2

4.03

3.13

4.26

3.64

MnOx Level 1

3

3.86

3.39

3.15

3.56

MnOx Level 2

4

3.40

3.36

3.20

3.13

MnOx Level 3

5

3.17

3.43

3.28

3.29

MnOx Level 4

Average

3.80

3.34

3.85

3.90

MnOx Level 5

Results gathered from the second iteration of experiments
on Soilscape One indicated that Lowland (Site 4) had a grand
average MnOx reactivity level of 5.01cc that was the highest
compared to the other sites (Table 2). These results matched, with
a variance of 0.61, the initial project work which indicated that
the testing procedure can produce repeatable results that may not
produce the same numerical data, but the trends as related to the
null and research hypotheses remained intact.
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Table
2 Comparison
of average
manganese
oxide
Table
2 Comparison
of average
manganese
oxidereactivity
reactivitylevels
on levels
Soilscape
One
at
Upland
(Site
1),
MidSlope
(Site
3),3),
and
on Soilscape One at Upland (Site 1), MidSlope
(Site
Lowland
(Site
4)
are
presented
by
depth
and
averaged
by
site.
The
and Lowland (Site 4) are presented by depth and averaged by
color
the color
cell indicates
level ofthe
MnOx.
site.ofThe
of the celltheindicates
level of MnOx.

Depth

1

2

3

Average

Upland
(Site 1)

4.43

4.04

5.01

4.49

MidSlope
(Site 3)

4.81

3.90

3.00

3.90

Lowland
(Site 4)

Scale:

6.25

MnOx
Level
3

4.09

MnOx
Level
4

4.68

MnOx
Level
5

5.01

MnOx
Level
6

The geographic site location analysis data indicated that the
highest MnOx level occurred at the surface of the Lowland (Site
4), MidSlope (Site 3) data indicated an elevated MnOx level at the
surface, and the lowest values occurred at (Upland) Site 1. The
Lowland (Site 4) surface had a level of 6.25cc, which was the
highest level recorded during this monitoring cycle, also the value
was higher than the initial testing value of 5.94cc.
Results gathered from the Soilscape Two indicated that the
WB had a grand average MnOx reactivity level of 3.87cc which
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was higher than the RB level of 3.64cc and the WL level of 3.07cc
(Table 3). These results corresponded with the hypothesis that WB
should have the highest MnOx reactivity level. Using a geographic
site location analysis, the data indicated that the highest MnOx level
occurred at the surface of WB with a value of 5.26cc, which
illustrated that the diffusion of manganese proceeded from the
source pool to the WB at which point manganese ions precipitated
within the soil matrix. The WL levels were the lowest during the
monitoring cycle which corresponded with lower redox conditions
that lead to diffusion of the soluble Mn ions, therefore the WL
served as a zone of loss of Mn ions (source pool) with subsequent
gain or concentration of Mn ions in the WB and even in the RB
during the wettest climatic periods.
Table 3 Comparison of average manganese oxide reactivity levels
3 Comparison
of average
manganese
oxideWetland
reactivity levels
on SoilscapeTable
Two
at Riparian
Buffer
(RB),
Boundary
on Soilscape Two at Riparian Buffer (RB), Wetland Boundary (WB),
(WB), and Wetland
(WL)
by
depth
averaged
by
site.
Two
trials
and Wetland (WL) by depth averaged by site. Two trials are
are compared:
InitialInitial
measurements
1 andisfollowcompared:
measurements areare
listedlisted
with 1 with
and follow-up
listed
up is listed as
2. as 2.
De pth

RB
1

RB
2

WB
1

WB
2

WL
1

WL
2

Range
1

Range
2

Scale:

1

3.45

3.59

5.26

5.06

3.00

3.07

2.26

2.00

MnO x
Le ve l 0

2

3.95

4.04

3.29

3.39

3.11

3.34

0.84

0.70

MnO x
Le ve l 1

3

3.53

3.35

3.05

3.41

3.10

3.38

0.47

0.05

MnO X
Le ve l 2

Avgerage

3.64

3.66

3.87

3.95

3.07

3.26

0.80

0.69

MnO X
Le ve l 3
MnO X
Le ve l 4
MnO X
Le ve l 5

Results gathered from the Soilscape Two follow-up
research project work indicated that the WB had a grand average
MnOx reactivity level of 3.95cc which was higher than the RB
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level of 3.66cc and the WL level of 3.26cc (Table 3). The results
matched the initial project work which provided another indication
that the testing procedure can produce repeatable results. The
geographic site location analysis data indicated that the highest
MnOx level occurred at the surface of WB with a value of 5.06cc,
which was similar to 5.26cc from the initial testing period. Also,
the WL levels were the lowest during the monitoring cycle which
matched the initial results. The RB Depth 2 value was 4.04cc,
which was the second highest reactivity level recorded across the
three sites that corresponded with the diffusion of Mn oxides from
the wetland boundary into the subsurface of the RB during the
wettest period when the Mn ions were mobile in the soil water
solution with subsequent precipitation upon intercepting oxidized
conditions.

Conclusions
In conclusion, the most important points gathered from
this research include the following. 1) The project results from
Soilscape One corresponded with the research hypothesis. The
Lowland (Site 4) should have the highest MnOx reactivity
level, due to concentration of ions in this zone that either
moved by mass flow or diffusion from the Upland (Site 1) or
by through flow in the Upland (Site 2) and MidSlope (Site 3)
soils. 2) The project results from Soilscape Two corresponded
with the research hypothesis that the WB site should have the
highest MnOx reactivity level, due to concentration of ions
in this zone that diffused from the WL site. 3) The GOTTP
method used in this research project, based upon the reaction
between MnOx and H2O2, serves as a new, quantitative method
of wetland delineation and determination of Mn ions present
in various soilscape positions. 4) the GOTTP method, when
compared to soils with no manganese and elevated manganese
levels, can be used to produce repeatable results that can support
scientific investigations of soluble Mn ions and precipitated Mn
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Oxides produced during fluctuating hydrodynamic conditions in
wetlands, hydric, and seasonally wet soils.
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Abstract
The hydrogen bond plays a vital role in many reactions. This study
is to investigate the effect of different hydrogen bonding modes,
such as single and double hydrogen bonds, via the quantum
mechanic (QM) methods. Four histidine models (A, B, C, and D)
with different numbers of intra-molecular hydrogen bonds were
studied. The QM model results indicate that the double hydrogen
bond is plausible and has a more stable geometry. However, this
study suggests that the data from QM methods require further
evaluation with solvation models to produce an even better energy
profile.
Keywords: hydrogen bond, density functional theory, basis set,
electronic structure

Introduction
Hydrogen bonds determine the molecule structure of many
proteins and are required for proper function. Tuck introduced
the hydrogen bond in 1968 (Emsley, 1980), and since then, it has
been investigated by scientists around the world. Its importance
is very significant in the fields of physics, chemistry, and biology.
The hydrogen bond plays a vital role in protein folding, water
molecule interaction, solution structure, nucleic acid base pairing,
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etc. (Parthasarathi, Subramanian, & Sathyamurthy, 2006). Also,
one of its primary roles is in molecular recognition and chemical
and enzymatic reactions (Tamura, Tamura, Takeda, Nakagawa, &
Tomishige, 2014).
Intra- or inter-molecular hydrogen bonding is a noncovalent
interaction between two different atoms (X-H…Y) within the same
molecule or between two different molecules. One of the atoms
is a proton donor (X-H), and the other one is a proton acceptor
(Y). As for the proton donor, hydrogen has to be bonded to an
electronegative atom (nitrogen [N], oxygen [O] or fluorine [F]).
The proton acceptor can be any electronegative atom or a region
of the electron. Moreover, within a molecule, it is possible to form
a single or double hydrogen bond, which could produce different
chiral (Jiang & Fang, 2016) and optical properties (Breuer et al.,
2004).
With the ever-increasing power of computer hardware and
the complexity of the software, more scientific problems can be
modeled and solved. Gaussian 09 (G09) is a quantum mechanics
(QM) modeling software (Revision C.01 2010, Gaussian Inc.). We
investigated the ability of the different density functional theory
(DFT) to use the functional and basis sets implemented in the
G09 software package to reasonably reproduce the final geometric
and electronic structure of a hydrogen bond. This investigation
compared the electronic and geometric structures with the known
experimental results. With the emerging DFT functionals, the
modeling can provide better guidance and more accurately predict
the electronic properties of novel molecules. This work will test
the new DFT functionals and compare with the widely used DFT
functionals; the results can determine the effectiveness of the new
DFT functionals in hydrogen bond modeling. The amino acid’s
skeletal structure enables the formation of peptide bonds through
the C-terminus (–COOH group) and N-terminus (–NH2 group).
Complex and rich protein structures arise from the different side
chains of twenty amino acids in the human body. Because of the
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proximate of C-terminus and N-terminus, neutral amino acids can
take on a unique form called a zwitterion, also known as inner
salt or dipolar ion. This is an ion with a positive and negative
electrical charge at different locations within a molecule. The
various protonation states of amino acids can provide different
inter- and intra-hydrogen bonding. Therefore, the histidine amino
acid is used as a model for this study.
General Modeling Procedures
The G09 modeling software arranges valence electron
in the molecule. However, because of their speed, electrons are
invisible to the human eye; that is why electronic structures are
difficult to understand and too abstract for many students. In QM,
the fundamental Schrödinger equation, coupled with the Born–
Oppenheimer approximation provides a reasonable mathematic
solution to understand the electronic movement and electronic
structure of interactions in various materials. Based on a QM
solution to the Schrödinger equation, there is the Pauli Exclusion
Principle, the Aufbau Principle, Hund’s Rule, and the Heisenberg’s
uncertainty principle or Heisenberg’s indeterminacy principle. All
of these principles govern the movement of electrons in matter
and can be used in molecular models. Molecular modeling or
computational chemistry does have an advantage over the bench
work of mixing chemicals, because modeling does not incur
physical safety hazards. In this paper, we will use computational
chemistry and visualization modeling tools to design optimized
molecule forms under various DFT functional and basis sets to
illustrate the impact of different DFT models on the structure
and property relationship of the hydrogen bond. We will study
and compare the difference between the electronic structure and
geometry representation.
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Methods

To better explore different bindings, we employed the
DFT to compare the different functional sets (B3LYP, M062x,
PBE1PBE, B3PW91, TPSSTPSS, X3LYP, and ωB97XD). We
used solvation modeling to identify the most effective modeling
approach. The different functional sets were set up through a Linux
server. Before any actual data could be collected, investigators
learned how to model and create the different forms of histidine.
This was done via a chemistry modeling software, GaussView
(Gaussian, Inc.), which was developed for Linux workstations to
create different chemical and biological molecules from scratch.
With GaussView, an individual can quickly and efficiently
construct different molecular systems and molecules from the
input file; the output is compatible with the G09 software. This
simple graphic user interface program incorporates a variety of
user-friendly features, which enables a user to adapt and begin
constructing models.

Results and Discussion
Zwitterion Form of Histidine
Because zwitterions form from compounds that contain
both acid and base groups (namely ampholytes), the amino acid
will have a negatively charged –COO- and a positively charged
–NH3+. Studies have shown that, depending on the pH value of the
histidine solution, amino acids can have four forms of different
protonation states: A, HA, H2A, and H3A where “A” here
represents the basic framework of histidine and “H” represents
the protons from solution that can be added/attached to the base
framework (Titration Curve 2019). This variation of protonation
states of histidine earned it the name of polyprotic acid. At pH=8,
histidine will be at its neutral state and can form a zwitterion form
as shown in Figure 1.
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Figure 1. The zwitterion form of neutral histidine
We began our study by modeling the neutral histidine form
(HA). We developed models of different hydrogen bond modes
including the following: single hydrogen bond mode (models A
and B) and double hydrogen bond mode (models C and D).
Single Hydrogen Bond Mode (A & B)
Single hydrogen bonding is when only one intra-hydrogen
bond is used. In our case, the obvious hydrogen bond was between
the oxygen of the C-terminus and the nitrogen of the N-terminus
as shown in Figure 2. Model A creates a single hydrogen bond
between N1-H and O2. A hydrogen bond was constructed between
N1-H and O2. This hydrogen bond length was measured at 1.17
Å.
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Figure 2. Model A showing the single hydrogen bonding between
N1-H and O2. All carbon molecules are dark grey, oxygen
molecules are red, hydrogen molecules are white, and nitrogen
molecules are blue. The nomenclature is as follows: oxygen 1
(O1, #19); oxygen 2 (O2, #18); carbon 1 (C1, #6); carbon 2 (C2,
#3); nitrogen 1 (N1, #1); carbon 3 (C3, #5); carbon 4 (C4, #9);
nitrogen 2 (N2, #11); and carbon 5 (C5, #12) is connected to
C4 and nitrogen 3 (N3, #16) of the ring. Carbon 6 (C6, #14) is
connected to both N2 and N3.
Model B is displayed in Figure 3. A single a hydrogen bond was
constructed between N1 and O2-H. This hydrogen bond length
was measured at 1.31Å.

Figure 3. Model B shows the single hydrogen bonding between N1
and O2-H. All carbon molecules are dark grey, oxygen molecules
are red, hydrogen molecules are white, and nitrogen molecules are
blue. The nomenclature is as follows: oxygen 1 (O1, #19); oxygen
2 (O2, #18); carbon 1 (C1, #6); carbon 2 (C2, #3); nitrogen 1 (N1,
Published by Digital Commons @PVAMU, 2019
PURSUE ISSN 2473-6201 |(2019) Volume 2 (1) p. 33

33

Pursue: Undergraduate Research Journal, Vol. 2, Iss. 1 [2019], Art. 8

#1); carbon 3 (C3, #5); carbon 4 (C4, #9); nitrogen 2 (N2, #10);
carbon 5 (C5, #11); nitrogen 3 (N3, #14); carbon 6 (C6, #13).
It is important to point out that both models A and B were
constructed to only have one possible hydrogen bond, because
the results of these two models would provide insight as to why
models C and D are necessary. In model A, the donor hydrogen
atom (#2) was on N-terminus while the donor hydrogen atom
(#20) for model B is from C-terminus.
After G09 software was used to optimize model A and
model B to their lowest energy forms, model A has only one
hydrogen bond, but model B has two hydrogen bonds. Further, the
bonds were not constructed in the same places for each model. The
Newman Projection was utilized to understand the orientation of
the hydrogen bonds better. Model B created two Hydrogen bonds
in its lowest energy form. The O2-H bond is slightly longer in model
B (0.9850 Å) than that of model A (0.9678 Å). Since the geometric
environments around these hydrogen bonds are different, could it
be that the double bond affects the bonding of model B? Or could
it be that the O2 has to retain a hydrogen bonding no matter what?
To answer those questions, the third and fourth models (C and D)
with two hydrogen bonds were constructed.
Double Hydrogen bonding Model
To create two hydrogen bonds in histidine, one must use
the nitrogen atom on the imidazole ring as a hydrogen receptor.
As Figure 4 shows model C and has the double hydrogen bond
formed between O1 and N2-H, which is 0.2300 Å and another
bond between O2 and N1-H, which is 0.1800 Å. Figure 5 shows
model D with a double hydrogen bond as well. One of the
Hydrogen bonds is between O1-H and N1, which is 0.2497 Å and
the Hydrogen bond is between O2 and N2-H, which is 0.3600
Å. Even though the bonds were initially constructed at different
places for the two different models, the bond lengths seem to
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be close. It is very important to determinate what happens after
geometry optimization to see if there is any differences occur.

Figure 4. Model C has a double hydrogen bond between O2 and
N1-H and O1 and N2-H.

Figure 5. Model D has a double hydrogen bond between O1-H and
N1 and O2 and N2-H.
After optimization produced models with the lowest
energy forms, the differences can be seen (Figure 6). Even though
model C started with a double hydrogen bond, it ends up with
only a single hydrogen bond. However, in the model D the double
hydrogen bond increased in length, meaning that the molecules
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did not get close together but instead retracted from each other
while maintaining the hydrogen bond. The model D geometry
resemblances much of model B. This suggests that regardless of
the construction of the initial geometry/conformation, the double
hydrogen bond structure formed by models B and D might still be
the more stable version.

6A

6A

6B

6B

Figure 6. Optimized geometries of double hydrogen bonding in
models C (6a) and D (6b)

Conclusions
In this study, we carefully designed four histidine models
(A, B, C, and D) that contained different constructions of intramolecular hydrogen bonds. The QM model results suggest that the
double hydrogen bond is plausible and has a more stable geometry.
Since the current study did not employ any solvation models such
as Polarizable Continuum Model (Tomasi, Mennucci, & Cammi,
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2005) or the Solvation Model based on Density (Marenich,
Cramer, & Truhlar, 2009), these modeling results do not match
published experimental observations where the zwitterion form is
the most stable form of amino acid. Furthermore, comparing the
bond length differences between each model enable scientist to
further understand bonding mechanics and to find the optimized
geometry structure.
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